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HYBRID (NIR) IMAGING SENSORS

NIR: HgCdTe detector layer w/
tailored wavelength cut-off

Friday, November 20, 2009



Operation & performance

- No charge transfer (every pixel has its own MOSFET)
- Fast multiplexed (selective) read-out

- Dark current higher than CCDs (strong function of temp., cut-off)
- Read noise higher than CCDs (≤25 e / CDS for 1.7μm; ≤10 e / CDS for 1.7μm)
 

- Multiple non-destructive sampling possible ➝ √N read noise

- Interpixel capacitance – deterministic coupling
- Persistence – short term memory of prior exposure(s)
- Flux dependent gain (?) 
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; 4096!4096, 15 µm array

; Design readout circuit for high yield 
; #*<84=0*>%7*?@(,)A*B+3%7

; 4-side buttable for large mosaics

; Developed for the Extremely Large Telescopes

TMT

GMT
Photons in

Bits out

SIDECAR ASIC

H4RG-15 SCA

Large IR Astronomy Focal Plane DevelopmentLarge IR Astronomy Focal Plane Development

The Next Step:  4096The Next Step:  4096!!4096 pixels4096 pixels

SIDECAR ASIC:
digitizing & control integrated in single chip

- will be used for JWST
- installed during HST service mission 4 to read ACS CCD
- cryo or warm operation possible
- Sidecar module + EGSE developed for SNAP/JDEM 

FPA

First Image of the 
Repaired Advanced 
Camera for Surveys

Barred Spiral Galaxy 
NGC 6217

Photographed on June 
13 and July 8 2009
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Flight-like-like test setup

ICU -
RAD750, 
communi-

cation board

Bare H2RG

SLAC 
package w/
SIDECAR

LBNL CRIC/CLICs

FSIM -
routing, 
fanout, 

buffering, 
preprocessing

Thursday, October 15, 2009

@ SLAC
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Extensive NIR effort for SNAP/JDEM 

- comprehensive detector development program

- detailed characterization w/ goal of understanding 
detector properties 

QE (absolute and spacial)
Read-noise (total incl. dark current)
Interpixel capacitance - conversion gain
Pixel response uniformity
Linearity (fluence dependent gain)
Reciprocity failure (flux dependent gain)
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Quantum Efficiency

InGaAs diode 

Si diode 

Reflectivity 
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H2-236 QE (FILTER)

Friday, November 20, 2009



QE can be very uniform

H2RG-236

Quantum Efficiency

Wavelength: 1300 nm

QE mean:    0.74

QE median:  0.74

QE stdev:     0.01(1.4%)

# PIX (QE>35%): 99.98

# PIX (QE>50%): 99.94
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but .....
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Dark Current

nominal SNAP temp.

low dark current requires cooling 
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Read Noise

typical 
CDS read noise
~25 e

SNAP 1.7 micron 
detectors
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Read noise reduction through multiple sampling

exposure delayFowler-N sampling: 
N N

Dark current limits √N read-noise floor 
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2.5 micron material shows superior read-noise 
performance

2.2 e for Fowler-32

Lower read noise can be achieved by increasing cutoff wavelength
BUT 

- for long exposures dark current becomes problematic
- higher cut-off wavelength requires significant lower
 temperature (to keep DC low)
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Inter-pixel capacitance

capacitively couples the signal in a
pixel to its four nearest-neighbor 
pixels.

7

Inter-Pixel Capacitance

• Measurements on representative devices have been

made to characterize the pixel-by-pixel variation of

this effect.

- There is roughly 10% variation of the IPC magnitude across

a detector. Figure to right is from: “Mapping electrical

crosstalk in pixelated sensor arrays,”  S. Seshadri, D. M.

Cole, B. R. Hancock, and R. M. Smith, Proc. SPIE 7021,

702104 (2008).

- Correction of ellipticities using only the mean IPC should be

sufficient, but we can likely do better.

• Can be reduced by changes to the detector, multiplexer, and/or Indium bump geometry/backfill

epoxy dielectric constant.

- Roughly a factor of 2 improvement over JWST is already achieved for the new generation of multiplexers.

- Another factor of ~ 2 has been demonstrated at the detector level with changes in pixel structure.

- Additional process improvements are being investigated to either remove the backfill epoxy, or reduce its dielectric

constant.  The epoxy backfill study was published: “Correlated Noise and Gain in Unfilled and Epoxy-Underfilled

Hybridized HgCdTe Detectors,” M. Brown, M. Schubnell, and G. Tarlé, PASP 118, pp 1443–1447 (2006).

• Current conclusion:  characterized to first order and will likely be acceptable.  Detector

improvements are very possible and some are already implemented in the post-JWST generation.

Efforts under way to reduce IPC
For Teledyne ... alpha=1.5

!"
!" !"

!"
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Conversion Gain Measurement 

standard gain measurement 
(Gaussian fit) 

traditional variance estimator 

variance estimator 
accounts for IPC Gain is measured with 3 techniques 

Agreement between Gaussian and standard variance 

methods confirms that outliers have been properly masked. 

Ignoring correlated noise over-

estimates the gain by ~ 20%. 
(for this device) 
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INTRA-PIXEL RESPONSE

fitted pixel parameters:

charge diffusion: 1.7 ± .02 μm
capacitive coupling: 2.4 ± .1%
(from correlated noise: 2.2 ± .1%)

lateral charge diffusion
(random, prior to charge collection)

capacitive coupling
(deterministically moves 
charge after collection)
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PIXEL LEVEL RESPONSE
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SPOT’S’-O-MATIC

Simultaneously scan array of (400 x 400) spots to rapidly 
characterize the sub-pixel response of an entire detector

Simulated Spots-o-Matic 
signal obtained by 
convolving Spot-o-Matic 
Scan with 6µm PSF
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Persistence
“ghost” of previous exposure in the current exposure.

Slit open First 2 minute dark exposure
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Persistence
similar decay shape for different fluence and exposure time

30

Persistence

Persistence is present for any stimulus 
level.
For a given exposure time, it can be 
described as a % of the stimulus and the 
frame number following the stimulus.

30

Persistence

Persistence is present for any stimulus 
level.
For a given exposure time, it can be 
described as a % of the stimulus and the 
frame number following the stimulus.

Can obtain ‘persistence curve’
(for fixed exposure time)
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Mitigation of Persistence
(measurement by Gert Finger following persistence model by Roger 
Smith) 

Slit open

•!First 2 minute dark exposure 

  without global reset de-trapping 

•!First 2 minute dark exposure 

  with global reset de-trapping 

factor 9 improvement
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150 nm bandpass 

Reciprocity Failure
(bright source - short integration time does not give the
same signal as dim source - longer integration time) 

illuminated pinholes 
calibrated over 5 
decades (0.2%/dex)
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Testing is continuing in the DCL in an attempt to understand 

this phenomena. However, this result does further point out 

the risk associated with attempting to use data extending to 

signal levels beyond zero bias in these detectors.

L inearity Cor rection

The response of the IR detector to constant flux changes as 

the signal in a given pixel accumulates. Therefore, applying a 

single value for the gain of the detector at all signal levels is 

not appropriate. This departure from linearity must be 

accounted for in order to make a proper measurement of the 

reciprocity failure. As an example, the correction needed for 

one the detectors measured is shown in Figure 3.

The correction is most important at high signal levels, where 

it can amount to a few percent (although the percentage 

correction is large at low signal levels, it amounts to a small 

number of electrons). If not properly accounted for, the non-

linearity of the detector response can swamp the reciprocity 

failure effect we hope to measure.

Other experimental effects that must be controlled are the 

temperature stability of the monitoring diode, the uniformity 

of the flat field illumination and the minimization of the 

effects of persistence.

The Experiment

The DCL has designed an experiment intended to  

characterize the reciprocity failure of the WFC3 IR 

detectors. The experimental setup is shown in Figure 2. All 

of the testing described here was performed using 1.0!m 

illumination.

The incident flux on the detector is controlled by varying the 

size of the pinhole and by varying the combinations of 

neutral density filters positioned at the entrance and exit 

ports of the monochromator. In this manner it is possible to 

obtain high quality data spanning almost five orders of 

magnitude in flux (0.1-104 photons/second). The lower limit 

is imposed by the background rate (~0.1 photon/sec) in the 

setup.

Several aspects of the experiment must be closely controlled

in order to obtain an accurate measurement of reciprocity

failure. The most important of these is the linearity

correction.

Other WFC3 Papers

Talk on F riday at 10:10 -- "#$%&'()*$*+#$,)#-$./0-flight 

Performance of the Detectors on HST/WFC31

Poster ! 2#3#$4,55*++$*+#$,)#-$$.67*$8&9*$:&*)9$;,'*<,$=$
>*+*?+@<A1

Introduction
The IR channel of the Hubble Space Telescope (HST) Wide 

Field Camera 3 (WFC3) instrument employs a 1024x1024 

HgCdTe detector supplied by Teledyne Imaging Systems. The 

detectors were designed to have a 1.7!m red cutoff to permit 

the use of thermoelectric cooling and thereby avoid the need 

for on-board cryogens. Comprehensive testing of candidate 

detectors for  WFC3 was performed at the NASA/GSFC 

Detector Characterization Laboratory (DCL).

IR Detector F eatures
!1024x1024 pixel format, hybridized to a Hawaii-1R 

multiplexer

! Five rows and columns of reference pixels to track bias 

level drift

! Substrate removed to eliminate radiation-induced 

luminescence (also provides short wavelength response)

! Wavelength range: 350-1700nm (The WFC3 application 

uses 850-1700nm)

! Operating temperature 145K

! CDS read noise typically 20-25e- rms

! Dark Current typically 0.02-0.05e-/pix/sec at 145K

! QE ~80%

Besides the standard detector performance tests, several 

detectors underwent additional testing to investigate the non-

linear behaviors exhibited by these detectors. In addition to 

the well-known non-linearity of their response depending on 

the total signal measured in a given pixel, we found that the 

detected signal also depends on the rate of accumulation of 

charge in the pixel. This flux dependent response is usually 

referred to as reciprocity failure.

Understanding the effect of reciprocity failure on science data 

is very important in applying a correct calibration to 

photometric data. The HST photometric calibration sources 

are often several orders of magnitude (by up to a factor of 

106) brighter than the (typically fainter) scientific sources of 

interest. Without a proper correction for reciprocity failure, it 

is possible to make significant systematic errors in 

determining the brightness of low flux sources.

Reciprocity Failure In 1.7!m Cutoff HgCdTe 

Detectors
R.J. Hill1, E. Malumuth2, R. Foltz3, R.A. Kimble3, A. Waczynski4, N. Boehm4, Y. Wen5, E. Kan4, N.R. Collins2

1. Conceptual Analytics, Inc.    2. Wyle Information Systems     3. NASA/Goddard Space Flight Center     4. Global Science & Technology    5. Muniz Engineering

F igure 1. The flight 

packaged WFC3 IR 

detector.

F igure 2. The 

experimental setup 

for characterizing 

reciprocity failure
F igure 3. The 

linearity correction 

as a function of 

signal level

Reciprocity Failure

Reciprocity failure was characterized in three 

different detectors. The results are shown in Figures 

4a-c. In all three cases, the reciprocity failure can be 

characterized by a power law, with the detector 

response increasing with increasing incident flux. 

The power law holds over the full range of flux 

measured (almost 5 orders of magnitude). However, 

each detector obeys a power law with a different 

slope, and thus the effect must be measured 

independently for each detector.

The size of the effect ranges from 0.3%/dex in 

FPA160, which is the detector most similar to the 

WFC3 flight detector, to 0.97%/dex for FPA153. 

This is much smaller than the 6%/dex (measured at 

1.1!m) effect seen for NICMOS detectors on HST, which are 

an earlier generation of HgCdTe detectors with a different long 

wavelength cutoff (2.5 !m). Despite its smaller magnitude, 

reciprocity failure is still a very important effect in the 

calibration of photometry because of the typically large 

difference in flux between the standard sources and the

scientific sources of interest.

Non-Persistence Afterimages

A flat field image taken with WFC3 immediately after an early 

observation of the galaxy M81 showed an afterimage of the 

galaxy (see Baggett et. al. poster). The core of the galaxy was 

saturated in the original image. The intensity of the afterimage 

was as high as 8e-/pix/sec, amounting to a 2.6% signal 

enhancement over the surrounding flat. Also, the rate increased 

as the signal in the flat field image increased beyond zero bias. 

The effect was neither entirely additive or multiplicative. The 

source of the afterimage can therefore not be entirely explained 

by persistence, an additive effect, which in any case would be 

too small (< 1e-/pix/sec) to account for it.

The DCL has attempted to replicate the phenomena by 

illuminating an extended spot to signal levels as high as 20x 

saturation and then looking for afterimages in flat fields taken 

immediately after. An afterimage of the spot was seen in the 

post-illumination flat field and at signals below zero bias 

(~60ke-), the behavior was similar to that seen in the WFC3 

image (Figure 5). However, at signals beyond zero bias, the 

increased, the large increase in afterimage intensity was not 

seen. The rapid rise starting at ~75ke- is related to the

saturation of the detector rather than an enhanced afterimage.

F igure 5. The percent difference in 

the signal in the post-illumination 

flat seen in the spot illuminated 

region compared to a non-

illuminated region. The blue and 

black curves show this ratio in 

samples-up-the-ramp for regions 

illuminated to 20x and 2x full well, 

respectively. The vertical line shows 

the signal at which zero bias is 

reached.

F igure 4a-c. The reciprocity failure 

observed in three different detectors: 

a) FPA160, b)FPA148, and c) FPA153. 

In all cases, the flux-dependent 

response obeys a power law over the 

range of fluxes tested, although the 

slope varies from detector to detector.

The NICMOS detectors exhibited a larger effect at shorter 

wavelength. The DCL is thus pursuing new measurements 

of reciprocity failure at shorter wavelengths (0.85!m) in 

these detectors. 

a) b)

c)

Conclusions
!Reciprocity failure has been observed in 1.7!m cutoff 

HgCdTe detectors.

!The reciprocity failure follows a power law behavior over 

the range of fluxes tested (0.1-104 photons/second).

!The slope of the power law varies among detectors.

!Accounting for reciprocity failure is important in the 

photometric calibration of WFC3 data.

Reciprocity failure reported by WFC3 group (1.7 micron) (Bob Hill, DfA 
Garching 2009)

0.3%/dex  to 0.97%/dex  ... much smaller than NICMOS effect
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So far no indication for reciprocity failure in SNAP 1.7 micron device 
measured at UM 

17 17 
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Summary

Much NIR Expertise gained from SNAP program
NIR lab at UM capable of precise (% level) characterization

Selection of detector material (2.5 vs 1.7) requires trade studies
Lowest read-noise w/ 2.5 micron material but requires much 
lower temperature than 1.7 micron material

 
Fast, compact read-out in hand
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THANK YOU !
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